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Abstract: 
With the recent regulatory reforms in a number of 
countries, railways resources are no longer managed by a single 
party but are distributed among different stakeholders. To 
facilitate the operation of train services, a train service provider 
(SP) has to negotiate with the infrastructure provider (IP) for a 
train schedule and the associated track access charge. This 
paper models the SP and IP as software agents and the 
negotiation as a prioritized fuzzy constraint satisfaction (PFCS) 
problem. Computer simulations have been conducted to 
demonstrate the effects on the train schedule when the SP has 
different optimization criteria. The results show that by 
assigning different priorities on the fuzzy constraints, agents can 
represent SPs with different operational objectives. 
Keywords: 
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1. Introduction 
Regulatory reforms in railways have been introduced in 
countries such as Australia and UK [1]. Railways competition 
is introduced into the markets by separating the rail 
corporation into a group of stakeholders with respect to the 
types of resources (e.g. infrastructure, rolling-stocks) and 
services (e.g. passenger and freight). These stakeholders form 
a supply chain in which railway resources are obtained via 
negotiations. 
One of the major negotiations occurs between an 
infrastructure provider (IP) and a train service provider (SP). 
To operate train services in the network, SP needs to 
negotiate with the relevant IP for a train schedule and the 
associated access charge [2]. Since the railway market is 
competitive, these stakeholders will attempt to maximize 
their profits according to their operational objectives. For 
example, one SP may aim to maximize the revenue by 
providing high-quality of train services, while another SP 
may concentrate on reducing the expenditures. In order to 
study the interactions and behavior of the stakeholders during 
negotiation, computer simulation is a cost-effective means 
when the stakeholders have different requirements in this 
distributive environment. 
Multi-agent system (MAS) modeling [3] has been 
applied in many distributed problems [4], [5], [6]. In general, 
a complex problem is first decomposed into a number of 
autonomous ones, each of which is allocated to a 
computational unit called agent. These agents are responsible 
to solve their designated tasks by interacting with other 
agents through communicative acts. The complex problem is 
thus solved through the interactions between agents.  
MAS modeling is a suitable means to model the 
resource management process in the distributed railways. The 
benefit-seeking behavior of the stakeholders can be modeled 
in their respective autonomous agents. Each agent is 
responsible to optimize the benefits of the stakeholder 
according to the assigned objectives. The major 
communicative act of the agents is negotiation. The 
negotiation either needs to allow the agents to settle at a 
feasible solution, or leads to the conclusion that a solution 
does not exist. Preferably, when a negotiation is successful, 
the solution should be Pareto-optimal [7], which means any 
deviation from the solution obtained will result in worse 
payoff for either or both parties. 
A variety of MAS negotiation models have been 
proposed. One study [8] models a bilateral (one-to-one) 
negotiation as a bargaining process between two agents. The 
agents propose their optimal values on an attribute and make 
concession alternatively, until the value coincides. The rate of 
concession is determined by a specific function, which may 
be either a polynomial or an exponential function of the 
remaining negotiation time. This principle is extended in [9] 
to multi-lateral (one-to-many) negotiation and determines the 
concession rate dynamically as a function of the agent’s 
eagerness to trade, remaining negotiation time, opportunity to 
trade and degree of competition. These types of models are 
suitable for applications where there is limited negotiation 
time and the satisfaction of the attribute varies monotonically 
with the value of the attribute (e.g. price). However, in 
distributed railway resource management, attributes such as 
 
the arrival and departure times do not necessarily vary 
monotonically with increasing time (positive or negative 
deviations from the most preferred time may be considered as 
poor solutions), and attributes such as the type of 
rolling-stocks cannot be modeled as a function at all. 
A different modeling approach [10] was proposed to 
model a bilateral negotiation as a resolution process of a 
prioritized fuzzy constraint satisfaction (PFCS) problem. 
Instead of bargaining with numerical values, the negotiation 
mechanism uses constraints to limit the domain of the 
attribute. This introduces the flexibility of employing 
non-monotonic concession functions to model the satisfaction 
of the product. In addition, if a negotiation is successful, the 
PFCS approach has been proven to obtain Pareto-optimal 
solutions with minimal revelation of the agents’ private 
information. 
2. Definitions 
2.1. Track access right 
The negotiation for track access right involves an 
agreement on a schedule and a charge. A train schedule may 
be specified by the stations visited by the train services, the 
arrival time at the first station, the dwell time at each station, 
and the inter-station runtimes between the stations. Using 
these data, the arrival and departure times at each station can 
be computed. A train schedule Ψ visiting n stations is defined 
as: 
  RD TTS ,,,ζ=Ψ      (1) 
where },...,1|{ Si nisS ==  is the set of visiting 
stations; ζ is the arrival time at the first station; 
},...,1|{ SDiD nitT ==  is set of the dwell times at station i in 
minutes, and }1,...,1|{ −== SRiR nitT  is a set of 
inter-station runtimes between stations i and i+1 in minutes. 
The access charge consists of fixed and variable costs 
[11], and only the latter is subjected to negotiation. Fixed cost 
involves the investments in facilities which are not affected 
by traffic demand (e.g. rails, catenaries). On the other hand, 
variable cost recovers the induced cost by the operation of a 
train service. It includes track-usage, electricity and peak 
charges. Track-usage charge is associated with the track 
maintenance and renewal costs arising from tear and wear of 
the running trains. Electricity charge recovers the energy 
consumed by the train and the peak-load contribution. Peak 
charge is used to indicate the cost of delay (congestion) to 
other trains. To relieve the traffic congestion, IP may relate 
the peak charge to a set of flex levels, which define the 
degree of flexibility that the IP can revise the agreed 
schedule. 
In other words, the variable charge is related to the 
locations, schedule times, types of rolling-stock, and flex 
levels. Hence, the product P in an IP-SP negotiation is 
defined as: 
  ercP ,,, Ψ=      (2) 
where },...,1{ ∞=∈Cc  is the access charge; Ψ is the 
schedule defined in (1); },...,1|{ Ri nirRr ==∈  is the set of 
available rolling-stocks; },...,1|{ Ei neEe =∈  is the 
available choices of flex, when 1ee = , there is no flexibility 
for revising the schedule, and when 
En
ee = , the IP has the 
maximum flexibility to revise the schedule. 
2.2. Negotiation using PFCS approach 
A PFCS problem is defined in [10] as a 4-tuple 
),,,( ρfCDX  where },...,1|{ nixX i ==  is a finite set of 
variables; },...,1|{ nidD i ==  is the set of domains; 
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where ]1,0[]1,0[]1,0[: →×  is a priority operator,  
1)1( 1221 +−= aaaa  is one of the possible instances (refer 
to [10] for the exact definition). 
The objective is to find an assignment for which the 
overall satisfaction degree is greater than the acceptability 
threshold τ. 
When applied to a bilateral negotiation, the buyer 
expresses its criteria on a product as a set of fuzzy constraints. 
The overall satisfaction degree )( Xvρα  models the degree 
of acceptance of the offer with respect to the set of fuzzy 
constraints. However, the decision on accepting an offer from 
a seller does not solely depends on )( Xvρα . In fact, an offer 
will be rejected if, 
 τβα <},min{      (4) 
 ]1,0[∈β  is the possibility that the buyer can obey the 
attached restriction of the product. From a seller perspective, 
a product may be sold with a set of restrictions (e.g. when 
 
renting a flat, the tenant should not smoke). Even if the offer 
satisfies the buyer’s satisfaction threshold, the buyer may not 
prefer to comply with these restrictions. As a result, the buyer 
has a profile model which contains a set of fuzzy propositions 
},...,1|{ lifF i ==  and a truth function ]1,0[: →Ft . The 
degree to which the buyer can obey the restrictions ci 
expressed as Boolean expressions of Fff s ∈''1 ,...,  is given 
by: 
 ))(),...,((1 ''1' si ftftc−=β     (5) 
where ))(),...,(( ''1' si ftftc  denotes the truth of the 
composite propositions of )(),...,( ''1 sftft . 
 
 
Figure 1. Negotiation flow with PFCS 
 
The negotiation patterns leading to a Pareto-optimal 
solution between the buyer and seller are summarized in 
Figure 1. Negotiations are conducted in a series of rounds. 
Each round consists of a message sent by the SP and another 
sent by the IP. Prior to the first round of negotiation, the 
fuzzy constraints of the buyer agents are all set at their largest 
cut-set values. The induced crisp constraint from the highest 
priority fuzzy constraint is selected and enveloped in a FIND 
message.  
When the seller agent receives a FIND message in the 
first round (and in subsequence rounds), there are two 
possible responses. If the seller can generate a feasible list of 
products that satisfies the set of constraints received, it will 
offer the product that maximizes the seller’s profit to the 
buyer using the CHECK message. Otherwise, a RELAX 
message is sent.  
When the buyer agent receives a CHECK message, it 
evaluates whether the offer violates any of the fuzzy 
constraints at the current cut-sets. If so, among the violated 
constraints, the buyer selects the one with the highest priority 
and asks the seller agent to FIND a product which satisfies 
the constraint and the previous ones. Otherwise, the buyer 
agent continues to check its adherence to the attached 
restrictions. If τβ < , the seller agent is asked to REFIND a 
product with the same set of constraints but different 
restrictions. If τβ ≥ , the negotiation is completed with a 
DEAL message. 
When the reply is a RELAX message, the buyer agent 
relaxes the minimum priority fuzzy constraint in the 
submitted set of constraints and forwards it to the seller 
agents with a FIND message. If the buyer agent cannot relax 
any fuzzy constraints (a relaxing threshold is attached to each 
fuzzy constraint, beyond which the constraint cannot be 
relaxed), the negotiation terminates with a FAIL message. 
3. Modeling IP-SP negotiation with PFCS 
The negotiation model described in the previous section 
is used to model the IP-SP negotiation. A buyer agent is used 
to represent the SP, while a seller agent represents the IP.  
3.1. Product model 
The product under negotiation is modeled by (2). It is 
assumed that the set of stations S is constant throughout the 
negotiation. The sets of rolling-stocks R and flex E are 
common to both agents and are predefined prior to the 
negotiation. 
3.2. Negotiation model 
The negotiation model used is the same as defined in 
Figure 1.  
3.3. SP model 
The obedience constraints on rolling-stocks and flex 
levels are modeled as a set of fuzzy truth propositions. A 
fuzzy truth value is associated with each type of 
rolling-stocks and each type of flex levels. These fuzzy 
values indicate the degree of preference for which the 
rolling-stock or flex level that the SP can take. 
The criteria for measuring the quality of the decision 
variables },...,,,...,,,{ 111 RnRDnD ss ttttcX −= ζ  are modeled as 
prioritized fuzzy constraints. It is assumed that one constraint 
is used to model the preference on one decision variable. The 
membership function of decision variable x is defined as: 
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where 'x  is the most preferred value of the decision 
variables, },...,,,...,,','{'' '1'1''1 RnRDnD ss ttttcXx −=∈ ζ .  
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where xR is the smallest value of x which satisfies  
'xxR >  and 0=)(x RR
R fi
µ . 
(x)L
R fi
µ  for ,c ζ and RnRDnD ss tttt 111 ,...,,,..., −  are modeled 
by (8), (9) and (10) respectively: 
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where xL is the largest value of x which satisfies  
'xx L < and 0=)(x LL
R fi
µ . 
The SP agent maintains a set of bounds 
],[ fififi RjRjRj ul=∆  in negotiation round j and a step-size 
f
iRδ for each fuzzy constraint fiR . At the beginning of 
negotiation, the bounds are set at the most preferred values of 
each constraint. When a constraint is relaxed in round j, the 
bounds are updated according to: 
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The membership functions are illustrated in Figure 2. 
Since the lower the access charge is, the higher the SP’s 
satisfaction is, the ideal charge should therefore be zero. 
However, as the negotiation model begins with the cut-set 
level at the most preferred value, the initial access charge 
constraint value at zero (or even a small value) will lead to 
the rejection of many offers from IP, resulting in lengthy 
negotiation time. As a result, the SP can set the most 
preferred charge to a reasonable value (e.g. derived from 
statistical evaluation of past transactions), and any price 
offered lower than this value is considered equally satisfied. 
For price larger than this value, the decrease in satisfaction is 
modeled as a quadratic function, indicating that the larger is 
the deviations from the most preferred value, the greater is 
the drop of satisfaction. 
The preference on the arrival time at the first station 
depends on the earliest releasing time of the rolling-stock, 
since it may be tighten up from the previous service. In other 
words, the SP cannot make agreement with the IP if the start 
time of the service is smaller than the releasing time of the 
rolling-stock. Therefore, the satisfaction is zero when the 
arrival time is less than the releasing time. In addition, the 
satisfaction decreases when the arrival time is larger than the 
releasing time because the rolling-stock will be idle, implying 
wastage of resource. 
 
 
 
 
Figure 2. Illustrations of membership functions 
(c) Dwell times and inter-station runtimes 
(b) Arrival time at first station 
(a) Access charge 
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For dwell times, the most preferred values represent the 
average expectation of the waiting times from the passengers. 
When the actual times exceed these values, the passengers 
may be annoyed by the additional time required and the 
degree of annoyance is again modeled as quadratic equations. 
Similarly, when the dwell time is less than the most preferred 
value, the passengers may not have adequate time for 
alighting and boarding the trains, so the satisfaction also 
decreases.  
In addition to the passenger expectation, the satisfaction 
of inter-station runtimes also depends on energy consumption. 
It is likely that passengers demand for shorter journey time 
but this implies faster acceleration and speed, which requires 
a larger demand in peak-load and electricity. SP tends not to 
operate their trains too fast to avoid high electricity charge 
but also not too slow to avoid complaints from passengers.   
3.4. IP model 
The seller agent modeled in [10] assumes that the agent 
can generate the most optimal offer given the constraints 
submitted by the buyer agent. In practice, an optimal 
schedule from the IP’s perspective needs to consider a 
substantial number of factors such as the engineering 
constraints, maintenance cost and dynamic variations in 
traffic demand. Modeling the optimization problem is beyond 
the scope of this paper. However, in order to demonstrate the 
feasibility of adopting the PCSP approach in distributed 
railway resource management, a simplified IP model is 
described below.  
Given the set of stations },...,1|{ Si nisS ==  under 
negotiation, let },...,1|{ Si niaA ==  be the set of release 
times of the stations, },...,1|{ Si nibB ==  be the set of due 
times of the stations, },...,1|{ RRiR nipP ==  be the set of 
maintenance charge associated with the use of rolling-stock 
of type ri, and },...,1|{ EEiE nipP ==  be the set of penalty 
costs associated with the flex level ei, where Ei
E
i pp 1+>  for 
Eni <≤1 . 
The access charge c of a schedule Ψ, using the 
rolling-stock type ri and with flex level ei, is computed as: 
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where S
DD
i niCc ,...,1, =∈  is the charge rate for the 
duration of dwell time at station i in dollars per minute,  
1,...,1, −=∈ S
RR
i niCc  is the charge rate for the duration of 
inter-station runtime between stations i and i+1 in dollars per 
minute. 
The utility of the IP is defined as E
e
R
ridle pptU ,,=  
where idlet  is the total station idle times computed by:  
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)(     (13) 
Given a set of constraints submitted by an SP, the IP will 
generate a schedule (if possible), which satisfies all the 
constraints and minimize each element in U.  
4. Simulation setup 
The SP and IP agents, and the negotiation are 
implemented using a multi-agent development toolkit called 
JADE (Java Agent Development Framework) [12]. JADE is a 
middle-ware for implementing software agents using Java 
and the agent protocol adopted is complied with the FIPA 
(Foundation Intelligence for Physical Agent) standard. The 
use of the agent development toolkits allows the designer to 
concentrate on the application logic by encapsulating it in an 
agent shell. 
 
Table 1. Simulation setup of IP agent 
i ai bi Dic  
R
ic  
R
ip
 E
ip  
1 07:00 07:10 100 80 1000 800 
2 07:20 07:28 100 80 2000 300 
3 07:40 07:55 100 80 1200 0 
4 08:00 08:09 100 - - - 
 
Two cases were set up to simulate the corresponding 
negotiations where the SP agents have different optimization 
objectives. Both negotiations involve one SP agent and one 
IP agent. The IP agents are identical in both negotiations 
(Table 1). The content of negotiation is the track access right 
along four stations, with three types of feasible rolling-stocks 
and three levels of flex. 
The SP agents are set up according to Table 2. The SP 
agent in case 1 models the emphasis on passenger comfort 
(passenger-oriented). The agent has relatively high priorities 
on station dwell times and inter-station runtimes in order to 
meet the passenger expectations. The preference values on 
rolling-stock are assumed to be proportional to the degrees of 
comfort of the rolling-stock, while the preference values on 
flex level decreases with increasing level of flex. 
The SP agent in case 2 represents its aim to minimize 
the expenditure (cost-oriented). The agent has high priorities 
on the access charge and release date of the rolling-stock. The 
preference values on rolling-stocks and flex levels are 
inversely proportional to the expected charges for the 
rolling-stocks and flex levels respectively. 
Both SP agents have an acceptability threshold of 0.6. 
 
The step-size for access charge is 200 units and the step-sizes 
for arrival time, dwell times and inter-station runtimes are 1 
unit. 
 
Table 2. Simulation setup of two SP agents 
 Schedule model 
 Case 1 Case 2 
f
iR  ρ  Lx
 
'x
 
Rx
 
ρ
 
Lx
 
'x
 
Rx
 
ζ 0.5 - *05 10 1.0 - *05 10 
DT  1.0 1 3 6 0.5 1 3 6 
RT  1.0 11 15 17 0.7 13 15 19 
c 0.5 - 6000 8500 1.0 - 6000 8500 
 Rolling-stock model 
 
Case 1 Case 2 
r1 0.4 0.3 
r2 0.3 1.0 
r3 1.0 0.6 
 Flex model 
 
Case 1 Case 2 
e1 1.0 0.2 
e2 0.5 0.5 
e3 0.3 1.0 
* The time is offset from 07:00 
5. Results 
The simulation results are summarized in Table 3. The 
agents in both cases have successfully reached a deal within 
20 rounds of negotiations. 
The SP agent in case 1 (SP1) is able to negotiate for a 
train schedule with dwell times, inter-station runtimes, 
rolling-stock and flex level fulfilling the most preferred 
values. On the other hand, the SP agent in case 2 (SP2) 
obtains a schedule with small deviations in dwell times for 
station 3 and 4. Moreover, the flex level is e3, which is the 
lowest, so the IP is allowed to revise the schedule if necessary. 
In other words, the schedule in case 1 is more likely to attain 
a higher passenger satisfaction.  
However, the access charge obtained from SP2 is lower 
than the one from SP1 by 800 units, and there is no idle time 
between the start time of the service and the earliest releasing 
time of the rolling-stock. In fact, the savings of 800 units and 
the better utilization of rolling-stock are traded off by a slight 
reduction of passenger comfort. 
Both SP1 and SP2 have therefore successfully to act 
rationally according to their assigned objectives. SP1 has 
negotiated a quality-oriented schedule while SP2 has helped 
the service provider to reduce the cost of operation. 
 
Table 3. Simulation results 
 Case 1 Case 2 
N * 16 12 
ζ 07:06 07:05 
DT  {3, 3, 3, 3} {3, 3, 4, 2} 
RT  {15, 15, 15} {15, 15, 15} 
c 6800 6000 
r r3 r3 
e e1 e3 
U 800,1200,30  0,1200,32  
* N denotes the total number of negotiation rounds 
6. Conclusions 
We have presented a PFCS approach to model the IP-SP 
negotiation in a distributed railway resource management 
environment. The railway stakeholders are represented by 
software agents, which are able to negotiate autonomously 
and rationally for a schedule and access charge. 
The simulation results have demonstrated that when 
assigning different priorities on the fuzzy constraints, the SP 
agent is able to obtain a schedule which conforms to the 
operational objectives of different stakeholders. For example, 
SP agents can be set up to negotiate a schedule with high 
quality of service or a schedule with low access charge. 
The negotiation process in practice is expected to be 
more complicated than the one modeled in this paper. For 
example, each fuzzy constraint only models the satisfaction 
of one attribute, and the relaxation of a constraint represents 
the trade-off between the attribute and a feasible schedule. In 
practice, it is more preferred to explore whether there are 
opportunities to trade off between attributes. This means that 
when a constraint is relaxed on one attribute, the cut-set on 
other attributes can be increased. Further studies may 
therefore examine the effects of such actions on the 
optimality of the schedules and number of rounds of 
negotiation (i.e. negotiation time span). 
Moreover, a more sophisticated model should allow 
negotiation on more attributes such as the number of visited 
stations, periodic services, arrival platforms and train lengths. 
However, not all these attributes can be modeled as 
prioritized fuzzy constraints since the satisfaction on some 
attributes depends on the decision on other attributes. For 
example, the dwell times and inter-station runtimes are 
station related. In other words, the visited stations have to be 
determined prior to the beginning of negotiation. It is also 
worth investigating if a hierarchical negotiation approach (e.g. 
a preliminary negotiation on stations visited and then a 
negotiation on the details of times and charge) is suitable in 
this application. 
 
This paper also only models the bilateral negotiation 
between an IP and SP. In the distributed environment of 
railway resource management, other bilateral negotiations are 
SP with a rolling-stock company (ROSCO), and IP with a 
maintenance company (INFRACO). These negotiations may 
also be extended to multi-lateral ones involving two levels 
(e.g. multiple SPs with single IP) or more levels (e.g. single 
ROSCO, single SP and single IP).  
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